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Abstract
Owing to unique topographic and ecological diversity, central Himalayan state of
Nepal is exposed to adverse impacts of climate change and associated disasters. How-
ever, countrywide historical assessment of mean and extreme temperature changes, a
prerequisite for devising adequate adaptation strategies, is still lacking. Here, we pre-
sent a comprehensive picture of mean and extreme temperature trends across Nepal
over the 1980–2016 period, based on high-quality daily temperature observations from
46 stations. Our results suggest that besides winter cooling in southern lowlands, the
country features a widespread warming, which is higher for maximum temperature
(~0.04Cyear−1) than for minimum temperature (~0.02Cyear−1), over the moun-
tainous region than in valleys and lowlands and during the pre-monsoon season than
for the rest of the year. Consistently, we found a higher increasing trend for warm days
(13 daysdecade−1) than for warm nights (4 daysdecade−1), whereas the rates of
decrease for cold days and cold nights are the same (6 daysdecade−1). Further investi-
gations reveal that pronounced warming in maximum temperature over mountain
regions can be attributed to less cloud cover and snowfall in recent decades during
non-monsoon seasons as a result of positive geopotential height anomalies and
strengthening of anticyclonic circulations in the mid-to-upper troposphere. Similarly,
increased stability of lower atmosphere during winter and post-monsoon seasons cau-
sed prolonged and frequent periods of fog over lowlands, resulting in significant winter
cooling there.
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1 | INTRODUCTION
Mean global near-surface air temperature has increased by
0.85C over the period 1880–2012, and the decade of the
2000s has been the warmest on record (IPCC, 2013). Simulta-
neously, extreme weather and climate events have increasingly
become more frequent and more intense globally. This has led
to higher risk of climate-induced disasters (e.g., warm spells,
heat and cold waves, and droughts and floods) and an increased
exposure of the society, economy, and ecosystems to climate
change impacts in recent decades. As severity of these disasters
vary temporally and spatially, an assessment of changes in
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climate extremes at local scale is an urgent requirement, partic-
ularly for the development of adaptation strategies.
Consistent with the global pattern, South Asia has experi-
enced a general increase in mean and extreme near-surface air
temperatures (hereinafter temperature), and such extremes are
anticipated to be more frequent in future (Sivakumar and
Stefanski, 2011). However, temperature trend characteristics
vary depending on the season, region, and temperature vari-
able (maximum or minimum). For instance, the greater Hima-
layan region of Pakistan (north of 35N latitude) exhibits a
summer cooling and a decrease in warm nights (Sheikh et al.,
2015; Hasson et al., 2017), which contrasts with the general
warming trend (Klein Tank et al., 2006; Caesar et al., 2011;
Sheikh et al., 2015). Likewise, prominent increase observed
in maximum temperature over central and western Himalayan
mountains (Shrestha et al., 1999; Bhutiyani et al., 2007;
Kattel and Yao, 2013; Nayava et al., 2017) is in direct con-
trast to prominent increase observed in minimum tempera-
tures over South Asia, India, China, and Tibet in recent
decades (Alexander et al., 2006; Klein Tank et al., 2006;
Panda et al., 2014; Ding et al., 2018; Tong et al., 2019). Fur-
thermore, dependencies of extreme temperature trends with
elevation and latitude have been noted in the region over the
period 1971–2000 (Revadekar et al., 2013). In general, spa-
tially consistent warming trends were found for low eleva-
tions and latitudes. However, for high elevations and
latitudes, a mixed trend featuring both warming and cooling
in different seasons is evident. These spatially varying trend
characteristics within the Himalayan mountains indicate a
strong control of local-scale terrain features on climatic trends,
stressing on the need of a comprehensive assessment at the
local scale (Shrestha et al., 1999; Bhutiyani et al., 2007;
Shrestha et al., 2012; Hasson et al., 2016; Mainali and
Pricope, 2017; Sheikh et al., 2015; Hasson et al., 2018).
The spatial focus of our study is the central Himalayan
region of Nepal (Figure 1), where a significantly higher rate
of warming has been observed relative to the Western
Himalaya (Shrestha et al., 1999; Sheikh et al., 2015). Owing
to varying climatic and ecological conditions, the country is
already exposed to cold and warm temperature extremes and
related disasters, in addition to its high vulnerability to cli-
mate change impacts. Thus, the local-scale investigation of
temperature trends is essential for impact assessments for
different societal end economic sectors and for the develop-
ment of effective management strategies in order to adapt
and mitigate the disasters and ensuring wellbeing of rural
mountain communities. However, despite high importance,
studies on mean and extreme temperature are limited in
Nepal (Table 1).
For instance, analysing observed trends across Nepal,
Shrestha et al. (1999) found an average annual warming of
0.06Cyear−1 between 1971 and 1994, with a more pronounced
increase at high-elevation areas. In contrast to those findings,
Nayava et al. (2017) reported the highest warming at the Hima-
layan hills between the elevation range of 1,000 and 2,000 m
above sea level (m asl) and lower warming over lowlands and
high mountains for the 1981–2010 period. A few studies focus-
ing on smaller regions and recent decades reveal regional dispar-
ities for different parts of Nepal (Qi et al., 2013; Salerno et al.,
2015; Khatiwada et al., 2016; Shrestha et al., 2017). Compared
with the national-level study (Shrestha et al., 1999), which
shows the highest warming in post-monsoon, basin-level studies
(for Koshi and Karnali basins), indicate highest warming rates in
pre-monsoon (Salerno et al., 2015; Khatiwada et al., 2016).
These varying trend features may likely be due to differences in
analysed periods, stations utilized, and the studied regions. For
analysis of extremes, Baidya et al. (2008) analysed changes in
temperature extremes for the 1971–2006 period across Nepal
based on eight stations. They found an increase of warm temper-
ature extreme indices and a decrease of cold extremes, a pattern
consistent to regional studies (Klein Tank et al., 2006; Caesar
et al., 2011; Sheikh et al., 2015). However, the low number of
FIGURE 1 (a) Location of
Nepal. Political boundary is shown by
magenta polygon. Topography is
shaded in grey, (b) three broad
physiographic regions of Nepal, such
as, lowlands, middle mountains and
hills, and high mountains are shown in
polylines and the terrain in shaded in
grey, and (c) mean annual normal
maximum temperature (C) and
location of 46 stations used in this
study [Colour figure can be viewed at
wileyonlinelibrary.com]
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stations are not sufficient to draw a countrywide picture of
extreme temperature trends in the complex terrain and varying
climatic zones. From a comprehensive list of temperature-related
studies over Nepal given in Table 1, it is obvious that a country-
wide picture of temperature trends for recent decades is still
missing, particularly for temperature extremes.
Complementing findings of previous studies, this study pre-
sents a comprehensive picture of mean and extreme tempera-
ture trends across Nepal, using high-quality daily temperature
observations from 46 long-term climatic stations covering the
period of 1980–2016. The analysis based on an extended num-
ber of high-quality station data up to recent years for the study
area aims at a spatially and temporally complete investigation
of temperature trends. We have derived 12 extreme temperature
indices from daily data for individual stations as recommended
by the World Meteorological Organization Expert Team on
Climate Change Detection and Indices (ETCCDI). Trends in
mean seasonal temperatures and annual temperature extreme
indices are assessed using the Sen slope method (Sen, 1968),
whereas the significance of trends is assessed using a robust
nonparametric Mann−Kendall (MK) trend test (Mann, 1945;
Kendall, 1975) in combination with a trend-free prewhitening
(TFPW) procedure (Yue et al., 2003). Subsequently, the trend
characteristics in different topoclimatic environments are exam-
ined. In addition, possible influence of change in circulation
features and cloud cover variations on the observed temperature
changes is explored using the ERA-Interim reanalysis dataset
(Dee et al., 2011).
2 | STUDY AREA
Nepal is characterized by unique topographic and physio-
graphic features as it is lying along the southern slopes of the
Central Himalayan between 26.36–30.45N and 80.06–
88.2E, covering an area of 147,181 km2 (Figure 1). Topogra-
phy varies between 60 m asl in southern lowlands and 8,848 m
asl in the northern within shorter than 200 km latitudinal extent
of the country (Figure 1b). Following the topographic gradient,
the country is divided into five standard physiographic regions,
such as Terai, Siwaliks, middle mountains, high mountains,
and high Himalaya, which can further be grouped into three
broader zones, namely, lowlands (Terai and Siwaliks, com-
monly known as flat plains), mid-mountains and hills, and high
mountains (Himalayas; Duncan and Biggs, 2012; Miehe et al.,
2015). Owing to unique topographic and physiographic gradi-
ents, Nepal features diverse climatic conditions that vary from
tropical in the southern lowlands to polar in the high mountains
(Karki et al., 2016). Nepal's high mountains are covered with
snow and glaciers, whereas lowlands and mid-mountains and
hills contain mostly forest and agriculture land (Uddin
et al., 2015).
Nepal has four main seasons, such as, post-monsoon
(October–November), winter (December–February), pre-
monsoon (March–May), and monsoon (June–September).
Dry and cold westerly winds in the upper troposphere influ-
ence the study area during non-monsoon months, whereas
monsoon season is characterized by warm and moist south-
erly to south-easterly near-surface flow conditions (Böhner
and Lehmkuhl, 2006; Hasson et al., 2014; Gerlitz et al.,
2015; Hasson, 2016; Kadel et al., 2018). Post-monsoon is
the driest season with mainly clear sky conditions, whereas
winter is the coldest season. During winter, western distur-
bances bring precipitation, which mainly falls as snow at
high elevations, with peak around 5,000 m asl (Lang and
Barros, 2004; Böhner et al., 2015). Pre-monsoon features
highest solar radiation, warmest temperatures, and occa-
sional localized convective precipitation. The majority of
TABLE 1 Overview of mean and extreme temperature studies in Nepal and number of temperature stations from Nepal used in those studies
Study Region Period Method Stations Trends
Shrestha et al. (1999) Nepal 1971–1994 MK, OLSR 49 Mean
Baidya et al. (2008) Nepal 1971–2006 ETCCDI, OLSR 8 Mean and extremes
Nayava et al. (2017) Nepal 1981–2010 OLSR 21 Mean
Kattel and Yao (2013) Mountains of Nepal 1980–2009 MK, OLSR 13 Mean
Shrestha et al. (2017) Koshi river basin 1975–2010 ETCCDI, OLSR 11 Mean and extremes
Qi et al. (2013) Koshi river basin 1971–2009 MK, SS 10 Mean
Khatiwada et al.(2016) Karnali river basin 1981–2012 MK, SS 7 Mean
Salerno et al. (2015) Koshi river basin 1994–2012 MK, SS 11 Mean
Sheikh et al. (2015) South Asia 1971–2000 ETCCDI, OLSR 20 Mean and extremes
Revadekar et al. (2013) South Asia 1971–2000 ETCCDI, OLSR 6 Extremes
Caesar et al. (2011) Indo-pacific 1971–2005 ETCCDI, OLSR 7 Mean and extremes
Karki et al. (2018) Nepal (this study) 1980–2016 ETCCDI, MK, SS 46 Mean and extremes
Abbreviations: ETCCDI, different temperature indices defined from expert team; OLSR, ordinary least square regression; SS, Sen's slope.
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precipitation occurs during the monsoon season, which
accounts for more than 80% of the annual precipitation
(Shrestha, 2000; Karki et al., 2017a). Generally, peak
annual and monsoon precipitation is observed between
2,000 and 3,500 m asl elevation at the windward Himala-
yan slopes, whereas very high elevations and north facing
leeward slopes receive little precipitation (Böhner et al.,
2015; Talchabhadel et al., 2018). Owing to topography,
extreme temperature differences between the southern low-
lands and the high mountains are evident within a short
horizontal distance. Highest temperatures are observed over
the lowlands and high mountains in May and June, respec-
tively, where the highest maximum temperature exceeds
45C over the southern lowlands (Shrestha and Aryal,
2011). Lowest temperatures are observed during December
or January, whereas high mountain regions above 5,000 m
asl features sub-zero mean daily temperature throughout
the year (Karki et al., 2017b). For example, mean daily
temperatures observed at the southern slopes of Mt. Everest
(at an elevation of 8,000 m asl.) is as low as −42C
(Gerlitz, 2014).
3 | DATA AND METHODOLOGY
3.1 | Data
We used the daily maximum temperature (Tmax) and daily
minimum temperature (Tmin) observations from a full set of
long-term climatic stations of the Department of Hydrology
and Meteorology (DHM), Nepal. As observations within the
entire network are taken with the same type of mercury
(alcohol) containing thermometers for maximum and mini-
mum temperatures at 1.25–2 m above the surface, data
homogeneity is ensured in terms of the measurement
method. In the DHM database, the longest record goes back
to 1953. Later, the number of stations was increased to
around 8, 39, 64, 97, and 140 in the year 1960, 1970, 1980,
1990, and at present, respectively. As continuous data were
not available from all the stations due to either short-term
discontinuity or relocation, we have restricted our analysis to
recent period keeping in view the maximum number of sta-
tions with good spatial coverage across Nepal. A maximum
number of high-quality data stations with continuous data
records and good spatial coverage across the county was
available for the period 1980–2016. For each year within
this period, if more than 20% of the daily values were miss-
ing, we considered the whole year as missing (WMO, 2010).
Similarly, stations with 20% missing years were excluded to
ensure completeness of the data. As non-climatic factors,
such as, change in measurement methods and observational
practice, the aggregation method, or a change of the station
location and exposure often cause data quality issues and
sudden shifts in the time series, all records are investigated
for quality and homogeneity using the RClimDexV1.1 and
RHTestsV4 toolkit developed by the ETCCDI. This soft-
ware is open source and described in detail on the ETCCDI
homepage (http://etccdi.pacificclimate.org/software.shtml).
RClimDex identifies the potential outliers and erroneous
daily maximum (Tmax) and minimum temperature (Tmin)
values. Errors of Tmin higher or equal to Tmax and outliers,
identified as value outside 4 SD (4σ) from mean as
employed in Shrestha et al. (2017), were manually checked
for potential faults, such as mixing up Tmin and Tmax, and
other typing errors during digitization. All confirmed errone-
ous values were subsequently replaced as missing values.
Homogenization of climatic data from the mountainous
regions is challenging. Although, relative homogeneity testing
is recommended, however, it is often not possible due to
unavailability of homogenous reference time series. The
RHTests software package can test the homogeneity without
the reference time series and has demonstrated comparable
level of performance to other homogeneity test methods
(Caesar et al., 2011). It compares the goodness of fit of a two-
phase regression model with that of a linear trend for the entire
time series to identify a step change (Wang, 2008). For each
participating stations, we have examined the homogeneity of
meanmonthly maximum andmeanmonthly minimum temper-
atures separately, without a reference time series.
Few stations with shifts in both Tmax and Tmin were
excluded and we did not attempt to adjust the time series based
on homogeneity test. Although some suspicious stations passed
the homogeneity test for either Tmax or Tmin, we excluded them
from further analysis based on their known history of change
(personal communication with local observers and sparsely
available metadata in DHM record). Examples are the
Dhankuta and Gorkha stations, which were shifted to lower ele-
vations. Likewise, Dipayal Doti, Butwal, and Palpa stations
have been frequently shifted from their original locations. Few
additional stations, such as, Simari, Panipokhari, and
Ranijaruwa with known poor data quality in recent years (first
author's field visits and data analysis at DHM) were also
excluded from the analysis. For around 15 stations, we found
shifts in either Tmax or Tmin. The best station of Kathmandu Air-
port also features a shift in 1998 for Tmin even though there was
no change in the instrument or location. Most of the stations
show strong positive temperature anomalies in Tmax after 1997.
It is possible that the shifts indicate natural climatic variability
as was noted by Caesar et al. (2011). The confirmation can be
possible when further stations information will be available
fromDHM in near future. After sorting for completeness, qual-
ity, and homogeneity, the observations were available only
from 46 stations for final analysis (Supporting Information
Table S1 and Figure 1c). Around 23 stations from the middle
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mountains and hills, and the lowlands of Nepal feature no miss-
ing values.
In order to investigate possible drivers and the mecha-
nism of warming and cooling over Nepal, we have used the
ERA-Interim reanalysis dataset available at 0.75 horizontal
resolution (Dee et al., 2011). In general, the ERA-Interim
captures the seasonal and spatial variations of temperature
trends in Nepal and thus is considered as a valuable dataset
for investigation of relevant large-scale atmospheric pro-
cesses (Supporting Information Figure S1).
3.2 | Methodology
3.2.1 | Means and extreme indices
Mean seasonal maximum and minimum temperatures were
computed from the daily observations from 46 stations for four
main seasons of post-monsoon (October–November), winter
(December–February), pre-monsoon (March–May), and mon-
soon (June–September). From the same daily dataset, we have
computed 12 extreme temperature indices that are rec-
ommended by the ETCCDI (http://etccdi.pacificclimate.org/;
Table 2) using RClimDexV1.1. These indices can be divided
into three groups: (a) absolute indices; (b) threshold- and
duration-based indices, and; (c) percentile-based indices. The
absolute indices are the hottest day (TXx), warmest night
(TNx), coldest day (TXn), and coldest night (TNn). The dura-
tion and threshold indices are summer days (SU25), WSDI
(warm spell duration indicator), tropical nights (TR20), and cool
days (ID15). As cold spell duration indicator featured no trend
in most of the stations, we did not present it in this study.
Percentile-based temperature indices account for the spatial var-
iation of temperature and may better represent the spatial
aspects of temperature extremes than other indices. Cool nights
(days) are calculated as the annual number of days with mini-
mum (maximum) temperatures lower than the 10th percentile
value of the entire record. Warm nights (days) correspond to the
number of days that are warmer than the 90th percentile value.
The 90th and 10th percentiles reference values for stations are
considered from the 30-year base period of 1981–2010.
3.2.2 | Trend estimation and significance
We used the nonparametric MK (Mann, 1945; Kendall,
1975) test to investigate the significance of trends of annual
extreme temperature indices and mean seasonal temperature
time series. The MK test has been extensively used to assess
the significance of monotonic trends in hydrometeorological
time series and has been explained in detail in several studies
(Hasson et al., 2017; Karki et al., 2017a; Talchabhadel
et al., 2018). Although the test is independent of the distri-
bution and can cope with missing data and outliers, the pres-
ence of autocorrelation can affect the MK test results (Yue
and Wang, 2002; Yue et al., 2003). To address this issue,
we use the TFPW method proposed by Yue et al. (2003). In
the TFPW approach, first a true magnitude of a linear trend
is estimated using the method proposed by Sen (1968), a
nonparametric method that can cope with missing value and
outliers. The estimated true trend magnitude is then removed
from the original time series and the lag-1 autocorrelation is
subsequently estimated and removed, if necessary, from the
detrended time series. The real magnitude of trend is added
back to the serially independent time series (detrended time
series with no significant autocorrelation). Finally, the MK
test is applied in order to detect the statistical significance of
trends, in our case, based on a 5% significance level.
TABLE 2 The extreme temperature indices included in this study
Indices category ID Indicator name Definitions Units
Absolute TXx Hottest day Annual maximum value of daily maximum temp ºC
TNx Warmest night Annual maximum value of daily minimum temp ºC
TXn Coldest day Annual minimum value of daily maximum temp ºC
TNn Coldest night Annual minimum value of daily minimum temp ºC
Percentile TN10p Cool nights Percentage of days when TN < 10th percentile %
TX10p Cool days Percentage of days when TX < 10th percentile %
TN90p Warm nights Percentage of days when TN > 90th percentile %
TX90p Warm days Percentage of days when TX > 90th percentile %
Duration and fixed
threshold
SU25 Summer days Annual count when TX (daily maximum) > 25C days
WSDI Warm spell duration
indicator
Annual count of days with at least six consecutive days
when TX > 90th percentile
days
ID15 ID15 Annual count when TX (daily maximum) < 15C days
TR20 Tropical nights Annual count when TN (daily minimum) > 20C days
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In addition to analysing individual stations, we have
analysed trends for the groups of stations in order to investi-
gate their common trend patterns. Five groups were formed
based on topographic locations of the stations. We grouped
16 stations from lowlands, 9 stations from valleys, 5 stations
from river valleys, 9 stations from the mountain slopes, and
7 stations from the mountain ridges featuring average eleva-
tions of 150, 1,204, 1,720, 1,676, and 1,614 m asl, respec-
tively. Here, valleys imply mostly flat and wide valleys,
whereas river valleys imply mostly v-shaped deep valleys.
The trend magnitude of a particular group is estimated as the
average trend of all stations participating in that group. To
further show the inter-annual variability of temperature indi-
ces, anomalies of individual stations calculated against the
period of 1981–2010 were averaged over whole Nepal.
3.2.3 | Investigation of circulation and cloud
cover change
We examined the influence of circulations characteristics,
cloud cover, and moisture variables on mean and extreme tem-
perature trends based on the ERA-Interim reanalysis (Dee
et al., 2011), which captures the seasonal and spatial variations
of temperature trends over Nepal (Supporting Information
Figure S1). For the quantitative comparison with temperatures,
trends of the ERA-Interim cloud cover were also assessed for
the grid cells collocating station locations.
4 | RESULTS
4.1 | Trends in mean seasonal temperatures
4.1.1 | Mean seasonal maximum temperature
Trend estimates and their significance for the mean seasonal Tmax
time series of all stations are presented in Figure 2. In general,
Figure 2 suggests significant and widespread warming trends in
all the seasons, although the magnitude and significance vary
across seasons. More than 90% of the stations feature warming
trends for monsoon and pre-monsoon seasons (Figure 3), where
such trends are significant for around two-third of the total sta-
tions. Conversely, percentages of stations with warming trends
are lower in winter (64%) and post-monsoon (82%), where such
warming is significant only at 45% of the total stations. The low
number of stations with significant warming trends in winter and
post-monsoon is mainly due to the significant cooling trends in
the southern lowlands. Overall, pre-monsoon is characterized by
the highest rate of warming (~0.05Cyear−1). Mean trends for
the rest of seasons account to ~0.025–0.036Cyear−1, where the
annual average warming is around 0.04Cyear−1.
Magnitude of warming in Tmax is highest at the mountain
ridges (0.07Cyear−1) and slopes (0.05Cyear−1) and the lowest
in lowlands (0.01Cyear−1) and river valleys (0.02Cyear−1)
through the year (Figure 4). These findings indicate that the mag-
nitude of warming is influenced by terrain features rather than by
elevation differences. For instance, stations mostly concentrated
within themountain valleys do not experience increasedwarming
with elevation—termed as the elevation-dependent warming
(EDW)—for all the seasons, except for winter (Figure 5). The
distinct EDW during winter can be explained by cooling trend in
lowlands (0.02Cyear−1) but warming trend inmountain regions
(0.08Cyear−1). There is a weak EDW during monsoon, possi-
bly due to a widespread influence of moisture, cloudiness and
precipitation on temperatures. In general, lowlands feature lower
warming trends (<0.02Cyear−1) than the mountain regions
(>0.03Cyear−1) in all seasons.
4.1.2 | Mean seasonal minimum temperature
Although general warming is evident in mean seasonal Tmin
as well, however, their magnitude and significance are
FIGURE 2 Station wise trend
(Cyear−1) for seasonal Tmax
temperature. Three broad physiographic
regions (south to north), are shown.
Ticks indicate statistical significance of
trends [Colour figure can be viewed at
wileyonlinelibrary.com]
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relatively weaker compared with that of Tmax (Figure 6).
Additionally, inter-seasonal variation of warming trends is
relatively low. Overall, only 70–80% of all stations show
warming trends and only 26–43% of those trends are found
statistically significant (Figure 3).
Consistent with Tmax warming, a majority of stations fea-
tures significant warming in Tmin during pre-monsoon and
monsoon seasons, whereas the highest warming is observed
during pre-monsoon and post-monsoon seasons. Magnitude
of warming is mostly below 0.04Cyear−1 throughout the
year with an annual average of 0.02Cyear−1. Significant
cooling observed over lowlands in Tmax is weaker in Tmin.
Furthermore, mountain ridges feature slight cooling in Tmin
in contrast to strong warming in Tmax, throughout the year.
There is no clear elevation dependence of Tmin in any of the
seasons (Figure 5).
The magnitude of trend in mean temperature
(0.03Cyear−1) calculated from the mean temperature time
series (Tmean = [Tmax+Tmin]/2) is similar to the statistical
average of trends in Tmax (0.04Cyear−1) and Tmin
(0.02Cyear−1). Overall, Tmean trend pattern is dominated
by trends in Tmax (Figure 7). Consistent with Tmax, more
than 90% stations feature warming in Tmean, which is signifi-
cant at two third of the stations, particularly for pre-monsoon
and monsoon seasons. In summary, warming in the region
mainly attributes to warming in Tmax.
FIGURE 3 Percentage of total
number of stations featuring different
trend characteristics for temperature
















FIGURE 4 Mean seasonal
maximum (Tmax) and minimum
(Tmin) temperature trends in
different topographic features
[Colour figure can be viewed at
wileyonlinelibrary.com]
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4.2 | Trends in extreme temperature indices
4.2.1 | Absolute indices
Annual trends of absolute extreme temperature indices
(maximum and minimum of Tmax, as well as of Tmin) are
shown in Figure 8. Tmax extreme indices suggest warming at
a majority of stations, whereas Tmin indices show a mixed
pattern. Around 70% of all stations feature increase in TXx,
which is significant at 22% of the stations, mostly concen-
trated in mountain regions. An average increase in TXx is
estimated to 0.03Cyear−1 (Figures 3 and 8). In contrast to
TXx, TXn features contrasting patterns for mountains and
lowlands, suggesting significant warming for the most of
stations from mountain regions but cooling for all the sta-
tions from lowlands (Figure 9). The mean rate of warming is
0.03Cyear−1. TNx and TNn have mixed trends and about
FIGURE 5 Elevational
dependence of warming of Tmax and
Tmin in different seasons [Colour figure
can be viewed at
wileyonlinelibrary.com]
FIGURE 6 Same as Figure 2 but
for mean seasonal Tmin trend
(Cyear−1) [Colour figure can be
viewed at wileyonlinelibrary.com]
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25% of the stations feature no trend. Average increase across
the country for both indices is lower than 0.01Cyear−1.
4.2.2 | Percentile-based indices
Our results show statistically significant rising trends for
warm temperature indices (warm nights and days; TN90P
and TX90P) and significant negative trends for cool temper-
ature indices (cool nights and days; TN10P and TX10P).
However, changes in magnitude and significance are not
uniform for all four indices. Rise in the number of warm
days is considerably pronounced, featuring a positive trend
at 93% and a significant positive trend at 51% of all stations,
accounting to a mean decadal increase of 13 days. Warm
nights show an increase at 80% of the stations and a signifi-
cant increase at 38% of the stations, amounting to a mean
decadal increase of 4 days (Figures 3 and 10). These find-
ings indicate higher warming during daytime than during
nighttime. Conversely, cool days (TX10P) and cool nights
(TN10P) exhibit negative trends at about 80% of all stations
and significant negative trends at about 38% of all stations,
amounting to a mean decadal decrease of 6 days. Overall,
percentile-based indices show clear patterns of extreme tem-
perature trends compared with other indices. Significant
warming across the country is evident, which is consistent
with warming in the mean seasonal maximum temperatures.
The analysis of trends at stations with different terrain
characteristics reveals that Tmax-based indices are particularly
influenced by the surrounding terrain. A clear gradient of
trends from mountain slopes and ridges to the lowlands and
valleys is apparent in the results. In contrast, no such pattern
is observed for Tmin-based indices. For instance, increasing
(decreasing) trend of warm days (cold days) intensifies from
lowlands and valleys to mountain slopes and ridges
(Figure 9). Noticeably, few stations concentrated in lowlands
exhibit an increase in cool days, which contrasts to an overall
FIGURE 7 Same as Figure 2 but
for mean seasonal temperature (Tmean)
trends (Cyear−1) [Colour figure can
be viewed at wileyonlinelibrary.com]
FIGURE 8 Same as Figure 2 but
for annual absolute extreme
temperature indices trends (Cyear−1)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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warming pattern. Apparently, Tmin-based indices feature
opposite trend patterns compared with Tmax-based indices for
different terrain features (Figure 9). Mountain ridges experi-
ence cooling in Tmin-based indices (i.e., a decrease in warm
nights and increase in cold nights).
4.2.3 | Duration- and threshold-based indices
Annual number of days with Tmax less than 15C (ID15) fea-
tures contrasting pattern for mountains and lowlands
(Figure 11). ID15 has increased at all the stations from low-
lands and decreased at almost all the stations from mountain
regions. ID15 representation is equivalent to cool days in the
lowlands. Thus, the patterns are consistent and support the
cooling tendency at low elevations.
The number of summer days (SU25) shows a positive
trend at the most of the stations (76%) with higher magni-
tude and significance of warming in mountain regions than
in lowlands. Significant positive trends are found at 47% of
all stations. The mean increase in SU25 is estimated to be
around 9 days per decade (Figure 11). Although the majority
of stations suggest an increase in tropical nights (TR20) and
warm spell duration (WSDI), about 40% of all stations are
trendless. Considering different terrain features, the positive
trend of summer days, and warm spell duration are broadly
similar to that of warm day index. The strongest trend of






















FIGURE 9 Trends of annual
extreme temperature indices in
different topographic features [Colour
figure can be viewed at
wileyonlinelibrary.com]
FIGURE 10 Same as
Figure 2 but for trends of
percentile-based annual extreme
temperature indices (%year−1)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Summarizing, the country-averaged time series reflects the
temperature trends from individual stations for all the indices
(Figures 12 and 13), although stations in different subregions
show a slightly deviant behaviour. Trends from a majority of
stations are positive, except for Tmax over lowlands during
winter and post-monsoon. In general, Tmax-based indices
show more pronounced warming and a positive trend of warm
extreme events, whereas for cool extremes, negative trends
are apparent across Nepal. In particular, positive anomalies
are noted for mean annual Tmax, summer days, and warm
FIGURE 11 Same as the
Figure 2 but for trends of duration- and
threshold-based annual extreme
temperature indices (daysyear−1)
[Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 12 Time series of inter-
annual country average anomalies for
different annual temperature indices for
the period of 1980–2016 relative to the
1981–2000 normal period [Colour
figure can be viewed at
wileyonlinelibrary.com]
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days for all the years after 1997. The year 2010 was the hot-
test year of the analysis period. Furthermore, negative anom-
alies for cool days are observed, which indicate an
accelerated warming after 1997.
4.3 | Influence of changing circulation and
cloud cover
Besides an increase in the net radiations due to anthropogenic
greenhouse gas emissions, change in circulation features and vari-
ation in cloud cover can potentially explain changes in tempera-
ture and precipitation in different regions. For instance, the far
above global average warming in Nepal and cooling in southern
lowlands are likely influenced by changing circulation characteris-
tics at large to local scale as well as by climate change feedbacks.
Figure 14 shows that cloud cover over Nepal derived from
the ERA-Interim reanalysis is declining after the year 1997 in
all seasons except monsoon, which is likely caused by anticy-
clonic anomalies in the mid-to-upper troposphere over the cen-
tral Himalayan region in recent decades (Figure 15). Although
cloud reduction during monsoon is relatively small but it is uni-
form across the entire region. This partly explains the uniform
rate of warming in Nepal during monsoon, however, attribution
of temperature increase to changes in cloud cover is not yet
FIGURE 13 Same as the
Figure 12 but for ID15, SU25, WSDI,
and TR20 temperature indices [Colour
figure can be viewed at
wileyonlinelibrary.com]
FIGURE 14 Difference in pre-
1997 and post-1997 seasonal cloud
cover from the ERA-Interim reanalysis
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 15 Pre-1997 and
Post-1997 differences in
historical winds (vector) and
geopotential heights (shaded) for
difference seasons and pressure
levels from the ERA-Interim
reanalysis [Colour figure can be
viewed at
wileyonlinelibrary.com]
FIGURE 16 Pre-1997 and post-
1997 differences in the seasonal low
cloud cover from the ERA-Interim
reanalysis [Colour figure can be viewed
at wileyonlinelibrary.com]
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confirmed. Similarly, a significant decrease in cloud cover
observed over mountainous regions is consistent with a signifi-
cant increase in Tmax there, whereas increase in cloud cover
over parts of lowlands is consistent with cooling observed
there, during non-monsoon months. Contrasting trends patterns
for mountain and lowland regions during winter for Tmax is
verifiable from comparison of Tmax and daytime cloud cover
trends at station locations as well, where increase (decrease) in
cloud cover is largely consistent with a decrease (increase) in
Tmax (Figure 16). However, station level relation is relatively
low for other seasons, probably due to coarse resolution of the
ERA-Interim cloud cover (not shown).
Furthermore, increase in low-level cloud cover over low-
lands explains increase in fog episodes in recent decades
(Figure 17) and associated Tmax cooling during winter. A
number of recent studies have confirmed increasing fre-
quency and prolongation of fog episodes over the Indo-
Gangetic plains and over the adjacent lowlands of Nepal,
particularly after 1997 (Syed et al., 2012; Shrestha et al.,
2017; Hingmire et al., 2018; Shrestha et al., 2018). Condu-
cive environment for such phenomenon is provided by upper
tropospheric (above 700 hPa) high-pressure anomalies evi-
dent during winter and post-monsoon after 1997 over the
region (Figure 15), which favours increase in the boundary
layer stability (Syed et al., 2012; Hingmire et al., 2018).
However, land use and land cover change as well as increase
in atmospheric aerosols in the region might also influence
the fog formation over the southern Nepal.
5 | DISCUSSIONS
5.1 | Other possible mechanisms influencing
temperature trends
Besides large-scale atmospheric processes, temperature distri-
bution in complex mountainous terrain is highly influenced
by topographic features, such as, slope, aspect, and curvature,
by surface characteristics, namely, land cover, land use, land
management, and local winds (Mahrt, 2006; Minder et al.,
2010; Kattel et al., 2013; Gerlitz et al., 2016). For instance,
present study finds the highest warming at mountain slopes
and ridges, particularly for Tmax. This is because the fact that
surface features of snow and glacier strongly control the tem-
perature distribution and its changes at high altitudes via the
snow-albedo effect. A decreased snowfall and reduction of
snow cover due to a warmer climate lead to a reduced snow
albedo, and subsequently, higher absorption of solar radiation
at the surface, resulting in enhanced warming in mountain
regions (Pepin et al., 2015; Minder et al., 2018). Such snow
albedo-effect has already been identified as a dominant driver
for amplification of warming at high elevations and in the
Himalayas (Pepin et al., 2015; Palazzi et al., 2018). Observed
EDW for Tmax during winter can also be related to significant
influence of the snow-albedo effect. The fact that EDW has
not been detected for Tmin further supports this finding
(Figure 5). It is pertinent to mention that the effect of
changing snow cover on observed warming could only be
explored for winter as the stations considered here are
mainly located below 3,000 m asl and the snow line in
Nepal descends below this height usually during winter
only (Lang and Barros, 2004; Norris et al., 2016). Most
likely, the inclusion of high elevation stations can provide
further insight into EDW for warm seasons. Conversely, a
reduction in summer and winter snow cover detected in
recent decades in the Himalayas is likely a result of anticy-
clonic anomalies in the upper troposphere and associated
regional warming (Norris et al., 2018).
Land use and land cover changes influence the tempera-
ture change due to their influence on sensible and latent
heat partitioning of the available energy. For instance, bar-
ren and dry surfaces favour the sensible heat release
(warming), whereas moist and forest or snow covered sur-
faces favour the latent heat release and trigger local
cooling. Thus, urbanization and deforestation may have
contributed to enhanced warming in Nepal (Kattel and
Yao, 2013; Nayava et al., 2017). Confirming this, however,
requires a comprehensive assessment, which is beyond the
scope of present study.
5.2 | Consistency with other studies and
observed impacts in different sectors
Our results are generally consistent with the findings of pre-
vious local to regional level studies but with some noticeable
differences in terms of trend magnitudes and their distribu-
tion (e.g., Shrestha et al., 1999, 2017; Sharma et al., 2000;
Baidya et al., 2008; Caesar et al., 2011; Kattel and Yao,
2013; Sheikh et al., 2015; Nepal, 2016; Nayava et al.,
FIGURE 17 Linear trends of Tmax (Cyear−1) from observations
and day time cloud cover (fraction Year−1) at station locations (derived
from ERA-Interim) for winter [Colour figure can be viewed at
wileyonlinelibrary.com]
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2017). Overall, the results suggest an increased mean sea-
sonal warming, rising warm extremes, and declining cold
extremes across the country, except for the southern low-
lands. There is a clearer, consistent and stronger warming in
Tmax-based seasonal means and annual extreme indices than
for Tmin, indicating higher rate of warming during the day
than during the night. This typical diurnal warming pattern
over the Himalaya seems to be a unique feature, which has
been previously reported by Baidya et al. (2008) and
Shrestha et al. (1999). In contrast, prominent warming of
Tmin-based indices has been reported for the Tibetan plateau,
inner Mongolia, indo-pacific regions, and whole globe
(Alexander et al., 2006; Caesar et al., 2011; Donat et al.,
2013; Shrestha et al., 2017; Ding et al., 2018; Tong et al.,
2019). Furthermore, we noted that the magnitude of Tmax
warming (0.04Cyear−1) detected over the 1980–2016
period in the present study is slightly lower than
0.06Cyear−1 as reported by Shrestha et al. (1999) for the
1971–1994 period across Nepal. Furthermore, we observed
the highest rates of warming during pre-monsoon, whereas
Shrestha et al. (1999) have reported highest warming during
post-monsoon seasons. Such contrast between the two stud-
ies may possibly arise due to differences in their periods of
analyses, employed trend detection methods and extensive
quality control applied by the present study. Nevertheless,
higher daytime warming over mountain regions persists in
time. Significant warming of Tmax seasonal and annual
means and extremes and increase in the number of summer
days, number of warm days (cool days), and duration of
warm spell indicate an accelerated warming after 1997, as
suggested by Kattel and Yao (2013).
We provided an overview of possible factors influencing
the mean and extreme temperature trends, however, the
quantification of relative contribution from different factors
requires further investigation. Nevertheless, the impacts of
observed warming on different climate sensitive environ-
ments as well as on the Nepali economy is already well
acknowledged. Thinning and retreat of glaciers, reduced
snow cover, enhanced formation and expansion of glacial
lakes, upward shift of treeline ecotone and consequential
migration of plant and animal species to higher elevations
have already been observed. Furthermore, shifting agro-
ecological zones, spread of vector borne diseases to non-
endemic areas, and increasing frequency and magnitude of
hydrometeorological disasters are among the major climate
change impacts in the country (Shrestha et al., 1999;
Shrestha and Aryal, 2011; Dhimal et al., 2014; Gerlitz,
2014; Dhimal et al., 2015; Aryal et al., 2016; Schickhoff
et al., 2016; Soncini et al., 2016; Karki et al., 2017a;
Talchabhadel et al., 2018).
Although the overall increase in temperature is compara-
bly low in the lowlands, prolonged periods of fog-related
cold waves during winter have become one of the major
threats for the population of the warmest part of the country.
On average, 72 people died annually between 2003 and
2013 due to cold waves (DesInventar, 2018). Lowlands are
also highly exposed to heat wave disasters as temperature in
pre-monsoon and early monsoon frequently exceeds 40C.
The pronounced increase in mean temperature, warm spell
duration, summer days, tropical nights, and hot days and
nights involve an increasing risk for human activities in
mountain regions, where poor infrastructure impedes to cope
with the heat. Particularly, an increase in heavy precipitation
(Karki et al., 2017a) and temperature aggravated the risk of
diarrheal diseases, dengue fever, and malaria (Hijioka et al.,
2014; Dhimal et al., 2015).
Likewise, increasing mean and extreme temperatures affect
the agriculture sector (crop failures due to droughts), water
resources (high evaporation and drying), and ecosystem ser-
vices. The observed changes in precipitation distribution, fre-
quent droughts, and flood episodes in recent decades
(Bohlinger and Sorteberg, 2017; Karki et al., 2017a;
Talchabhadel et al., 2018) are likely related to observed
warming as specific humidity increases with rising temperature.
These significant changes in mean and extreme temperatures as
well as high exposure and poorly developed adaption strategies
makes Nepal and its mountain communities highly vulnerable
to climate change impacts (Mainali and Pricope, 2017).
It is pertinent to mention that our study uses only
46 high-quality stations, which poorly represent the spatial
completeness over Nepal. High-elevation stations with con-
tinuous and high-quality long-term climate data are almost
non-existent in Nepal, leading to an analysis gap in the vul-
nerable high mountain region. A recent addition to the DHM
network of automatic weather stations at high elevations
(e.g., EVK2CNR in the Khumbu regions and TREELINE
project stations in Rolwaling) is invaluable but still insuffi-
cient. Conversely, devising adaption strategies for different
climate and disaster sensitive sectors for the upcoming cen-
tury requires historical as well as future changes at high spa-
tial and temporal resolutions. To achieve this objective,
historical and future climatic changes can be assessed from
the output of robust climate models that have been shown to
reasonably reproduce the prevailing climatic characteristics
of the region. In this regard, present study can serve as a
baseline (Gerlitz et al., 2015; Hasson et al., 2016; Norris
et al., 2016; Karki et al., 2017b; Hasson et al., 2018). The
climate model simulations can further support in better
understanding of the physical processes and mechanisms
affecting the spatiotemporal distribution of mean and
extreme temperatures, and can particularly be useful for pro-
viding future climate change scenarios (Norris et al., 2015,
2018; Karki et al., 2018; Palazzi et al., 2018).
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6 | CONCLUSIONS AND SUMMARY
This study presents the spatiotemporal variations of mean
seasonal temperatures and extreme temperature indices for
the period of 1980–2016 across Nepal, using high-quality
continuous data from 46 long-term climatic stations located
in different topoclimatic environments. By including a large
number of stations and data for recent years, this study pro-
vides a detailed and spatially coherent representation of the
changes in mean and extreme temperatures for Nepal, and
thus, complement the findings of previous studies. Further,
possible mechanisms that explain the enhanced warming
and the spatially heterogeneous trend patterns over Nepal
are discussed. In this context, both, large-scale atmospheric
and local-scale terrain and land surface features are consid-
ered as potential drivers of observed changes in mean and
extreme temperatures.
Our results show a widespread and significant warming
across the country, except for winter cooling over the south-
ern lowlands. Warming is observed higher for mean annual
Tmax (~0.04Cyear−1) than for mean annual Tmin
(~0.02Cyear−1), where Tmean trend change is around
0.03Cyear−1. Similarly, significant rising trend is observed
for temperature extremes across Nepal, which is stronger for
Tmax-based indices than for Tmin-based indices. Warm
extremes are increasing and cold extremes are decreasing
across the country. Accelerated trend for Tmax-based indices
after 1997 points towards a climate regime shift. We show
that the rate of warming is sensitive to different topographic
and physiographic regions, as higher warming in Tmax-based
indices is detected at mountain slopes and ridges as com-
pared with higher trend changes detected in Tmin over low-
lands and in river valleys. Generally, warming trends are
observed stronger during pre-monsoon season. However,
highest winter warming observed for Tmax over mountain
slopes and ridges can be attributed to decreasing snow cover
extent and cloud cover owing to strengthening of anticy-
clonic circulation in the mid-to-upper troposphere during
non-monsoon seasons and a weakening of near-surface flow
during monsoon season in recent decade. Furthermore, a
slight winter cooling observed over the southern lowlands is
likely triggered by prolonged and more frequent fog epi-
sodes and increased cloud cover due to increased atmo-
spheric stability in the lower troposphere in recent decades.
These mechanisms explain the observed spatiotemporal vari-
ations of mean and extreme temperature trends across Nepal.
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